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 This study compared in vitro wear of contemporary glass-ionomer containing dental 
materials commercially advertised for use in the permanent dentition as load-bearing restorations 
in a chewing simulator. Resin composite was tested as a control. 
 Four restorative dental materials were used in this study. Ionolux (VOCO America Inc.) 
is a resin-modified glass ionomer. Activa Bioactive Restorative (Pulpdent) is a bioactive ionic 
resin with reactive glass filler. Equia Forte HT and Equia Coat (GC America Inc.) is a high 
viscosity glass-ionomer hybrid system. Filtek Supreme Ultra (3M ESPE) is a visible light-
activated resin composite. 
After an estimated two years of clinical service, there was a statistically significant 
difference in mean volumetric wear for Activa Bioactive Restorative (P=0.0081, 95% CI: 
0.3973, 0.4982) and Equia Forte HT (P<0.001, 95% CI: 1.2495, 1.8493), but no statistically 
significant difference in mean volumetric wear for Ionolux (P=0.6653) compared to control. 
Activa Bioactive Restorative wore approximately 60% less than, and Equia Forte HT twice more 
than Filtek Supreme Ultra on average, respectively. Clinical advantages of Activa Bioactive 
Restorative remain unknown. The resin-modified glass-ionomer Ionolux should be evaluated for 
further merit. The glass-ionomer hybrid system Equia Forte HT will likely experience 
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CHAPTER 1: REVIEW OF THE LITERATURE 
1. Introduction and background 
 Variations of contemporary glass-ionomer containing dental materials are currently 
advertised for use as load-bearing permanent or semi-permanent direct restorations. Relatively 
limited information is available regarding laboratory or clinical performance of these new 
materials in comparison to resin composites or dental amalgam. Historically, glass-ionomer 
containing restorative materials are contraindicated in stress-bearing areas due to inferior 
mechanical properties, including high wear rates. Generations of glass-ionomer containing 
restorative materials, past and present, have provided the dental industry with a wide and 
potentially expanding scope of clinical indications. Modern unique and proprietary formulations 
of glass-ionomer containing restorative materials contain matrix or filler modifications compared 
to conventional formulations. Technology, including chewing simulators, enable partial imitation 
of the oral environment. Simulations that evaluate wear as a result of in vitro fatigue via cyclic 
loading and thermal cycling provides an economical method to identify those restorative dental 
materials with merit in preparation for resource-consuming clinical trials or product release. 
2. Literature review 
A review of the literature will identify the history and clinical performance of both 
conventional and contemporary generations of glass-ionomer containing restorative materials. 
Key chemical compositions, physical and mechanical properties will be reviewed in addition to 
concepts of restorative material retention via mechanical design and adhesive bonding. Finally, a 
2 
 
review of wear characteristics, mechanisms and in vitro fatigue test simulations and correlation 
to clinical performance will be described. 
2.1. History of the glass-ionomer 
 Conventional glass-ionomer cement was invented by Wilson and Kent in 1969 as a new 
class of dental material and properly termed aluminosilicate polyacrylate. A chemical reaction 
following the combination of powdered fluoroaluminosilicate glass and aqueous solutions of 
polyacrylic acids hardened to form a composite with glass particulate filler reinforcing an 
aluminum phosphate gel1. 
2.1.1 Classifications and nomenclature of glass-ionomer cement 
 Classification of the glass-ionomer cement by Wilson and McLean was originally 
described by the manner in which the material was applied, most notably characterized by 
alteration of the liquid-powder ratio2. Although various modifications to this classification 
system arose and became more complex over time, the original descriptions retain contemporary 
relevance. 
 
Table 1. Original classification of glass-ionomer cement according to Wilson and McLean. 
Classification of Glass-Ionomer Description 
Type I Luting cement 
Type II Restorative 
Type III Lining cement 
  
Further generations of glass-ionomer containing restorative materials complicated 
nomenclature efforts based on hybrid formulations, such as those with photo- or chemical cure 
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polymerization reactions within the matrix as mixed with components of resin composites. As a 
matter of clarification, the term “glass-ionomer” is indicated when an acid-decomposable glass 
and a water-soluble acid set by a neutralization reaction, or alternatively “glass polyalkenoate 
cement” according to the International Organization for Standardization3.  The term “resin-
modified glass-ionomer” is indicated with the addition of photo- or chemical resin 
polymerization potential supplementary to the acid-base reaction of the glass-ionomer. In the 
absence of an acid-base reaction but presence of pre-reacted glass-ionomer as filler particles 
within a matrix, the term “polyacid-modified composite resin” or “compomer” is indicated. 
Other variations, including those with amalgam particles, ceramic fillers and more variables led 
to a diverse palate of terminology for glass-ionomer containing restorative materials4. As a 
result, a true spectrum of dental materials with pure glass-ionomers at one end and resin 
composites at the other is available to restorative dentistry5. 
2.1.2. Clinical indications and performance 
Glass-ionomer containing restorative materials have a variety of potential clinical 
indications: lining or base restorations, a substructure for other direct or indirect dental 
restorations via the “sandwich” technique, provisional, semi-permanent or permanent 
restorations in the primary and permanent dentition, root-end restorations or perforation repair in 
endodontic surgery and pit and fissure sealants. Additional clinical applications include use as a 
luting agent for indirect coronal restorations and cementation of orthodontic bands. 
2.1.2.1. Direct restorations 
Direct restorations are those placed into a cavity to return the damaged or deformed tooth 
to form, function or facilitate cleansability of tooth surfaces. Additional consideration for 
esthetics towards patient satisfaction is often a requirement. Conventional nomenclature to 
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describe direct restoration type is based on cavity location and preparation design, from class I, 
II, III, etc. restorations6. Glass-ionomer containing restorations can be judiciously utilized as an 
interim or definitive restorative dental material for the moderate or high-caries risk patients as 
part of a disease control phase of treatment planning or other certain clinical situations7. 
2.1.2.1.1. Lining or base restorations 
Cavity liners and bases, while both adjunct procedures of restorative dentistry, may be 
composed of the same material but are classified according to respective clinical application. 
Materials placed for bulk replacement of lost dentin or to block out undercut areas are considered 
base restorations. Cavity liners are typically a cement or resin coating less than 0.5 millimeters in 
depth and serve as a physical barrier to bacteria and their products while possibly providing a 
therapeutic effect8. Adequate dentinal thickness is important for maintaining tooth vitality and 
protecting the vital pulp9. 
Glass-ionomer containing restorative materials, in multiple varieties, may be clinically 
indicated for both lining and base restorations. Generally, toxic effects on dental pulp is the 
result of bacteria and bacterial byproducts in contrast to most restorative materials10. 
Conventional and resin-modified glass-ionomer cements provide an excellent bacterial seal and 
display good biocompatibility when used in close approximation but not direct contact with 
pulpal tissues11.  
2.1.2.1.2. Class V lesions 
 Clinical trials have consistently demonstrated glass-ionomer containing restorative 
materials survive at higher rates in comparison to resin composites in class V restorations12,13. 




Perhaps owing to decreased technique sensitivity, glass-ionomer containing restorative 
materials were observed to achieve the lowest annual failure rates when comparing all methods 
of adhesive protocols, including three-step etch-and-rinse, two-step etch-and-rinse, two-step self-
etch, one-step self-etch techniques and polyacrylic acid conditioning15. While attempts to 
facilitate ease of adhesive bonding protocol for resin composites tend to decrease clinical 
effectiveness16, the clinical steps required for glass-ionomer containing restorative materials in 
class V lesions are relatively fewer than resin composites alternatives, which require dentin 
bonding protocols that vary significantly. Other potential explanations for glass-ionomer 
restoration survival rates as cervical restorations are chemical bond to tooth structure, coefficient 
of thermal expansion and modulus of elasticity similarities between the material and tooth17. 
2.1.2.1.3. Sandwich technique 
 Restorative margins terminating on sub-gingival or dentinal substrates present multiple 
challenges, including field isolation, to traditional dental adhesive bonding protocols. In an 
attempt to increase predictability and utilize advantageous properties of glass-ionomers in 
dentinal bonding, the “sandwich” technique was proposed18. In theory, the glass-ionomer 
containing restorative material can be exposed at the deepest portion of the gingival margin to 
facilitate chemical bond and seal to tooth structure while simultaneously serving as a fluoride 
reservoir in direct contact with the oral environment. Equivocal evidence is available regarding 
clinical performance: Some suggest the seal may be worse with multiple restorative interfaces19, 
whereas other evidence suggests the opposite20 using microleakage as evidence to evaluate 
marginal seal. It is not proven whether or not evidence of microleakage is an indicator of clinical 
success, as the clinical relevance of microleakage studies are potentially misleading21. Overall, 
combining glass-ionomer cement and a resin composite in a single restoration may offer the 
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clinician advantages of each material22. Summarily, the sandwich technique is proposed with 
caution as there is not convincing, robust or high-quality evidence of clinical efficacy at this 
time. 
2.1.2.1.4. Load-bearing restorations 
 Clinical trials involving glass-ionomers reveal poor performance as load-bearing 
restorations in the permanent dentition. When used as limited, single-surface occlusal 
restorations, glass ionomer containing restorations may perform satisfactory in the short-term; 
however, failure rates precipitously increase with the number of restored surfaces, especially 
interproximal areas23,24,25,26. 
 One potential method of overcoming weaknesses of glass-ionomer restorative materials 
under forces of mastication is the concept of resin-glass hybrid systems, include the addition of a 
resin coating on the exposed surfaces of the glass-ionomer. When used in combination with a 
resin coating, performance of load-bearing glass-ionomer restoratives may or may not be 
enhanced. Clinical trials indicate performance up to two years may be acceptable in comparison 
to resin composites, but an unacceptable number of short-term failures of glass-ionomer hybrid 
systems persists27,28. However, limited evidence exists to demonstrate clinical performance up to 
10 years demonstrating similar risks to increased number of restored surfaces29. Generally, high 
quality evidence is lacking at this time. 
2.1.2.1.5. Atraumatic restorative technique 
 Atraumatic restorative technique involves caries excavation using solely hand 
instrumentation, typically without the use of local anesthetic and in combination with sealing pits 
and fissures. The caries removal is followed by placement of a glass-ionomer containing 
restorative material. This restorative technique is attuned towards field dental operations in areas 
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of limited resources or access to care30. Typically, restoration survival is prioritized over 
restoration success given the clinical limitations when atraumatic restorative technique is 
involved as a means to arrest caries activity in populations without adequate access to dental 
care. Restoration survival implies the restoration remains in situ, while restoration success would 
be defined by a scale such as United States Public Health Service or Ryge criteria31. Anatomic 
contour, color match and surface texture deficiencies either as a result of placement or following 
occlusal wear are typical compromises made in exchange for attempting to arrest or delay caries 
progression with minimal cost and resources as in the atraumatic restorative technique. Even 
with limited equipment, large restorations placed using the atraumatic restorative technique can 
demonstrate survival exceeding 95% after two years depending on the glass-ionomer material 
used32. Longer-term clinical studies indicate failure rates may increase to nearly 58% over a 10-
year period, but insufficient information is available33. Regardless, the limited number of studies 
provide generally low-quality evidence with high risk of bias overall regarding this technique 
compared to conventional treatment, representing a dichotomous approach to restorative 
dentistry compared to clinical-based settings34.  
2.1.2.1.6. Pediatric dentistry 
 Conventional glass-ionomer cements demonstrate high failure rates in class II 
restorations in the primary dentition and are not recommended as load-bearing restorations35. 
However, resin-modified glass-ionomers can be successful depending on the size of the lesion36. 
Evaluation of load-bearing restorations in the primary dentition revealed resin-modified glass-
ionomer multi-surface restorations survived comparable to resin composites up to a two-year 
period, but with pronounced occlusal wear a frequent observation37. Limited expected duration 
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of clinical performance due to natural exfoliation may provide a basis for resin-modified glass-
ionomers as load-bearing restorations in the primary dentition. 
2.1.2.1.7. Root-end restorations in endodontics 
 Root-end filling material selection is a considering during retrograde endodontic therapy. 
Many options in materials selection exist to create an artificial apical seal in a prepared root 
apex, including mineral trioxide aggregate, intermediate restorative material, super 
ethoxybenzoid acid, resin composite, glass-ionomers, and amalgam; limited available evidence is 
currently insufficient to conclude superiority of any material over another38. 
2.1.2.1.8. Pit and fissure sealants 
 Caries in permanent posterior teeth maintain the highest incidence and prevalence in 
anatomical pits and fissures39. A preventive treatment intervention to directly address this 
pathology includes pit and fissure sealants. The intent of the sealant is to prevent cariogenic 
bacteria, nutrients and subsequent byproducts from entering non-hygienic and caries-susceptible 
areas of the tooth40. Preventing these carious lesions through the use of glass-ionomer based 
sealants may be preferred over resin sealants when moisture contamination is a concern41. 
2.1.2.2. Luting agents 
Glass-ionomer containing materials have long served as luting agents for indirect 
restorations and orthodontic appliance adhesion. Indirect restorations are fabricated extraorally 
and clinically delivered to the tooth or implant substrate surface. Orthodontic appliances, 
cemented to tooth surfaces, typically include brackets and bands attached to the unprepared tooth 
surface. 
2.1.2.2.1. Indirect restorations 
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 Glass-ionomers have an established track record for successful use as a dental cement. In 
order to facilitate enhanced indirect restoration seating, an oversized die is referenced for 
restoration fabrication leading to space between the tooth and the intaglio surface of the 
restoration42. The resultant space is filled by a luting agent. Glass-ionomer cements are able to 
achieve thicknesses under 25 micrometers. Glass-ionomer containing luting agents may not be 
the material of choice for implant restorations, as removing excess cement and peri-implant 
disease have been associated with their use43. Titanium surfaces may be damaged as part of the 
acid-base setting reaction or components associated with glass-ionomers44. 
2.1.2.2.2. Orthodontics 
 Application of orthodontic bands is with glass-ionomer containing cements is a potential 
option for clinicians, however there is insufficient evidence to suggest any clinically superior 
advantage of one particular material45. 
2.2. Chemistry and setting reaction 
 Conventional glass-ionomer cement is a combination of liquid and powder46. Glass-
ionomers are composed of a cross-linked polyacid matrix with embedded glass particles. The 
mixture undergoes a neutralization reaction in water to form a salt that serves as a bound matrix. 
Generally, unreacted fluoroaluminosilicate glass serves as filler particles suspended in a polyacid 
copolymer matrix formed between high molecular weight acids with multiple functional groups.  
There are generally three phases of the setting mechanism: Ion release, matrix formation, 
and polysalt maturation47. Upon mixing the liquid and powder, the hydrogen ions of 
polyalkenoic acid attack glass filler particles and release a cation, typically calcium or aluminum. 
Exposed carboxylic acid functional groups form ionic bond with these cations, subsequently 
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forming a hydrogel matrix48. The mixture is acidic upon placement, but within the first 24 hours 
the pH becomes more neutral49. The matrix is subject to continuous maturation over time. 
2.2.1. Chemical composition 
 Conventional glass-ionomers contained a liquid and a powder. Modifications to original 
formulations include both concentrations of original components as well as additions to both the 
liquid and the powder. 
2.2.1.1. Liquid 
 The liquid component consists predominantly of polyacrylic acids and water. Any 
number of various polycarboxylic acids including but not limited to tartaric, maleic and itaconic 
acids are useful in glass-ionomer cement formation50. 
2.2.1.2. Powder 
 The powder is industrially produced by forming a glass base consisting of high 
temperature 1100 to 5300 degrees Celsius fusing of quartz, alumina, cryolite, fluorite, aluminum 
trifluoride and aluminum phosphate with an overall a predominance of calcium or strontium 
aluminosilicates and fluoride. The homogenous melt is quenched to produce a glassy frit. 
Ground glass particles under 50 micrometers in length are then produced via milling, grinding 
and meshing51. 
2.2.2. Matrix, filler and chemical modifications 
 Many attempts to increase physical properties of glass-ionomer containing restorative 
materials began with filler modifications and changing the powder-liquid ratio. Changing the 
formulation of powder-liquid ratio at concentrations greater than 3.6 to one is characteristic of 
the so-called “high viscosity” glass-ionomer52. Other variations include the resin-modified glass-
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ionomer and metal-modified glass-ionomers or attempts to incorporate components or pre-
reacted glass-ionomers into the chemical composition of the restorative material. 
2.2.2.1. Resin-modified glass-ionomer 
 With the addition of hydroxyethylmethacrylate and other components associated with 
resin composites with an activating agent such as camphorquinone the glass-ionomer is 
appropriately termed the resin-modified glass-ionomer. Introduced by Mitra, this formulation 
represented another major breakthrough in dental materials science. In general, resin-modified 
glass-ionomers have increased mechanical properties compared to conventional glass-
ionomers53. 
2.2.2.2. Other variations 
 Contemporary variations of glass-ionomer containing restorations are not clearly 
described using conventional definitions, terminology, and classifications because of proprietary 
formulations leaving room for debate of the actual material composition and chemistry. New 
terms, largely provided by manufacturers, make comparison between products for the dental 
practitioner complicated. Some of the latest availabilities include: nanoparticle ceramics, so-
called bioactive glass, fiber reinforced glass, amino acid additions and other methods to reinforce 
the material54, 55. Even more selections include so-called ionic resin composites without 
bisphenol A or bisphenol A glycidyl metaacrylate, which are advertised as “shock-absorbing” 
components with little scientific explanations in the event of Activa Bioactive Restorative56. 
Perhaps guarding trade secrets, manufacturers indeed retain legal rights to limit disclosure of 
proprietary formulations. Resultantly, recent meta-analysis reveals current nomenclature for the 
wide variety of direct restorative materials across the dental industry is insufficient and 
potentially affecting our ability to consolidate and interpret data57. 
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2.2.3. Surface coatings 
 Early formulations of glass-ionomers were especially susceptible to degradation due to 
dehydration or excessive fluid contamination during matrix maturation resulting in compromised 
physical and mechanical properties. Efforts to prevent dehydration included the use of surface 
coatings, such as petroleum jelly or resin coatings. 
 When applied directly over glass-ionomer containing restorative materials placed as load-
bearing restorations, some evidence suggests the type of surface coating has a direct effect on 
wear resistance. Unfilled or lightly filled resin coatings have less resistance to occlusal wear 
compared to higher-filled alternatives58. A resin coating also increases the flexural strength, 
fracture toughness and knoop hardness59, 60. 
2.2.4. Powder-liquid ratio 
 Altering the powder-liquid ratio of glass-ionomer cements affects the properties of the 
resultant polygel. Working time, setting time, and solubility are decreased while consistency, 
surface hardness and compressive strength are increased. 
 
Table 2. Effect of powder-liquid ratio change on physical and mechanical properties. 
Property Effect of increased powder-liquid ratio 
Setting time Decreased 
Solubility Decreased 
Working time Decreased 
Compressive strength  Increased 
Consistency Increased 




In general, the highest ratio possible while maintaining adequate working time is 
desired61. Altering the powder-liquid ratio is not clinically indicated for contemporary 
formulations given the availability of pre-measured delivery methods. 
2.2.5. Mixing, setting and working time 
Depending on the delivery method of glass-ionomer containing restorative materials, 
mixing, setting and working time varies. Working time is the amount of time available to the 
operator to manipulate and place the material. The presence of tartaric acid assists in decreasing 
the overall setting rate of conventional glass-ionomers while maintaining working time62. Resin-
modified glass-ionomers will set upon photopolymerization, resin self-polymerization or acid-
base glass-ionomer reaction, whichever occurs first depending on the product-specific chemistry. 
In general, longer working times can be advantageous to afford the operator opportunities to 
improve adaptation into prepared cavities, facilitate shaping of the material into proper form, 
remove excess material, etc. Photo-activated resin composites may have unlimited working time 
so long as excitatory wavelengths are avoided. 
2.2.5.1. Delivery methods 
 Glass-ionomer containing restorative materials are packaged in two main categories: 
Powder-liquid and paste-paste. Powder-liquid is available in separate bottles or pre-measured, 
self-contained trituratable capsules. Paste-paste systems include dispensable clicker and automix 






Fig 1. A. Bottles. B. Capsules. C. Dispensable clicker. D. Automix tubes. 
   A.   B.  C.  D.  
 
Contemporary evidence of dental cements across a complete spectrum of materials 
including glass-ionomers, resins and others, indicate that physical and mechanical properties 
vary as a direct result these modes of delivery, but the clinical significance of these differences 
as luting agents or cements remains unknown63. 
2.2.6. Matrix maturation 
 The glass-ionomer polygel matrix will continue to change after the initial setting reaction 
in a process called matrix maturation. This process can generally be separated into the short and 
long term phases64. 
2.2.6.1. Short versus long term maturation 
The specific molecular weight, size and shape of organic polymers create potential for 
additional hydrogen bonds within the material. Pendant chains further increase molecular 
interaction potential. Although the majority of hardened polygel matrix formation of the glass-
ionomers is essentially complete by 24 hours, changes in physical properties over a one-year 
period suggest the matrix undergoes continuous maturation, possibly the result of cation 
exchanges65. 
2.3. Restoration retention 
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Methods to prevent dislodgement of restorative materials are generally of two main 
strategies. The first is through mechanical means, which includes macro-retentive preparation 
design and micro-retentive surface conditioning via acid etching of tooth substrates. The second 
is through chemical, or hydrophilic, bonding to minerals tooth structure. The overarching goal of 
dental adhesion is achieving intimate adaptation of restorative material and tooth substrate66. 
Mechanical retention requires the use of undercut areas to prevent displacement of the 
material along paths of draw. This is achieved either macroscopically or microscopically. 
Macroscopic methods generally refer to preparation design of opposing converging walls with 
narrower dimensions in outer portions. Microscopic methods utilizes the concept of dental 
adhesion. Buonocore is credited with expanding the potential of adhesive dentistry through the 
acid-etched enamel technique, drastically increasing micromechanical potential on the tooth 
surface67. Using phosphoric acid, approximately ten micrometers of enamel are removed and 
another 50 micrometers are affected to create a porous, irregular surface. Subsequent infiltration 
by low viscosity resin polymerizing into the porosities, creating resin tags of various sizes, 
results in tremendous increase in surface area. The effect of enamel etching is demonstrated by 
outstanding clinical outcomes in non-carious cervical lesions without mechanical retention or 
enamel beveling when using three-step dentin adhesive systems68.  
2.3.1. Hydrophobic bonding 
 In contrast to glass-ionomer containing restorative materials, resin composites are 
generally hydrophobic in nature. This is because the chemical matrix is resin-based, including 
triethylene glycol dimethacrylate, urethane acrylate methacrylate, and bisphenol A-glycidyl 
methacrylate, which contain long chain hydrocarbons. This innate difference requires a 
conversion of the hydrophilic tooth substrate to a hydrophobic surface for interaction into the 
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resin matrix for dentin bonding, achieved through the use of dentinal bonding agents. Multiple 
varieties and generations of bonding agents provide the clinician with a wide variety of options, 
with generally superior performance among fourth generation etch-and-rinse and sixth 
generation two-step mild self-etching primer varieties69. Successful dentin bonding with these 
materials requires multiple clinical steps, including proper tooth preparation design, surface 
conditioning, primer and bond placements. Multiple steps provide more opportunities for error, 
leading to increased technique sensitivity. Unfortunately, attempts to decrease technique 
sensitivity for operator convenience using simplified dentin bonding protocols generally 
decreases clinical effectiveness compared to the gold standards previously mentioned70. 
2.3.2. Hydrophilic bonding 
Glass-ionomer cements adhere directly to dental hard tissues through a mineral phase, 
evidenced by extensive investigation of direct chemical bonds between anionic polycarboxylic 
acid groups and cationic calcium ions, as well as hydrogen bonding71. As a result of carboxylic 
acid groups and hydroxyapatite interaction as observed by infrared spectroscopy, polyacrylate 
ions attach to minerals within the hydroxyapatite crystals by displacing phosphate ions72. 
Hydrophilic bonding potential lends glass-ionomers to the concept of minimally invasive 
dentistry73.  Both glass-ionomers and resin-modified glass-ionomers are less prone to moisture 
sensitivity during restoration placement due to their hydrophilic nature and naturally bond to 
tooth structure74. 
2.3.3. Surface conditioning 
 The optimal surface conditioning process facilitates glass-ionomer molecules to establish 
both micro-mechanical and chemical bonds to the tooth surface75. Treating the prepared tooth 
surface with polyacrylic acids cleanses the tooth surface by removing the smear layer and 
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exposing collagen fibrils up to a micrometer deep76. The smear layer is a 0.5-5 micrometer 
conglomeration of debris created when teeth are surgically prepared77. Removal of the smear 
layer, tooth surface alterations and adhesion of glass ionomer cements to dentin depend on the 
duration, type and concentration of acid and resultant formation of intermediate layers containing 
metallic salts78. 
Improving the adhesion of glass-ionomers to enamel and dentin substrates is best 
achieved with high molecular weight acids with multiple functional groups; low molecular 
weight acids undesirably dissolve mineral content and degrade chemical bonding potential79. The 
typical surface conditioning concentration employed is 10-20% polyacrylic acid for ten seconds 
but may slightly vary by manufacturer80. This is in contrast to dentin bonding with resin 
composites, where micromechanical attachment to enamel and conversion of the hydrophilic 
organic components of dentin to hydrophobic surfaces is the overall goal. 
2.3.3. Bond strength 
 Bond strength tests are generally used to evaluate dentinal bonding agents, however the 
same techniques can be used to evaluate glass-ionomer containing restorative material adhesion 
to other substrates. Modern techniques include micro-tensile bond strength and shear bond 
strength tests. Typically, specimens are prepared, aged in a medium or fatigued and then 
submitted to load or tension until fracture; subsequent evaluation of the fracture sites under 
magnification reveals mode of failure in the substrate, at the adhesive joint, or in the restorative 
material81. When the majority of the fractures occur at the adhesive interface, the adhesive bond 




 Many attempts at identifying the true bond strength of glass-ionomers to dentin 
ultimately result in measuring the yield or tensile strength of the glass-ionomer due to 
preponderance of fractures in the glass-ionomer82. Until the mechanical properties of the glass-
ionomer improve, the true bond strength value to dentin will remain unknown.  
2.3.3.1. Adhesion to other dental materials 
 Glass-ionomers adhere not only to tooth structure, but also other dental materials. 
Chemical bonding to surface oxide layers of precious metals has been demonstrated83. The 
tensile bond strengths between glass-ionomer cements and composite resins following acid 
etching are strong, resulting in cohesive fractures of the glass-ionomer84. If considering the 
adhesion to resin composite restorations, resin-modified glass-ionomers contain 
hydroxyethylmethacrylate, which readily lends a potential for adhesion with dentin bonding 
agents. 
2.4. Physical and mechanical properties 
In vitro evaluation of physical and mechanical properties may provide a basis for 
comparison of dental materials intended for similar functions, such as direct restorations. It is 
generally established that these tests, including flexural strength, compressive strength, 
coefficient of thermal expansion, etc. have some relevance to clinical performance. For example, 
identifying properties vastly inferior to materials with proven track records of success could at 
worst provide evidence for premature clinical failure and at best shorten the time required for 
clinical testing. 
2.4.1. Flexural strength 
 Flexural strength is a measure of the force applied at fracture of a specimen, typically 
describing the ability of a material to resist deformation and fracture under load. In general, 
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glass-ionomers are the weakest compared to resin-modified glass-ionomers, which are in turn 
lower than resin composites85. High flexural strength is desired in restorative dental materials. 
An International Standards Organization specification describes a standard mechanism of 
measuring this mechanical property86. Some evidence suggests a correlation between abrasive 
wear and flexural strength in resin composite restorations87. 
2.4.2. Compressive strength 
 A mechanical property of restorative dental materials, this measurement is calculated by 
determining a failure load applied to a specimen’s cross-section area. In general, an extensive 
study comparing the compressive strength, fluoride release and recharge of fluoride-releasing 
materials for glass-ionomer containing restorative materials revealed a negative linear correlation 
between the compressive strength and fluoride release, suggesting that restorative materials with 
a high fluoride release have lower mechanical properties88. 
2.4.3. Coefficient of thermal expansion 
 Restorative dental materials are affected by changes in temperature. The most significant 
effect as a result of temperature is a change in volume. This property is quantified by the 
coefficient of thermal expansion, measured as a rate by which the material expands in length for 
each degree increase in temperature. The coefficient of thermal expansion for type 2 glass-
ionomers are reportedly the most similar to tooth enamel of all dental materials89. This property 
may play a role in maintaining marginal seal, as the restorative material and tooth expand and 
contract at similar rates90. 
2.4.4. Bioactive availability 
 Glass-ionomers have the potential for ion exchange with the tooth substrate and oral 
environment, a physical property recently re-branded as “bioactivity”. Although limited potential 
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benefits may be available from calcium release, the potentially most significant ion is fluoride 
due to its multiple modes of caries suppression. However, there is no proven fluoride 
concentration to establish caries inhibition91. Evidence is available to demonstrate tooth structure 
can be influenced by adjacent fluoride containing bioactive restorative materials92. 
2.4.4.1 Cumulative fluoride release 
 The glass-ionomer matrix is a hydrated polygel, enabling continuous ion exchange in a 
fluid environment. These fluoride ions can be released from the material, but the rate decreases 
in concentration over time as the potential is exhausted93. 
2.4.4.2. Fluoride re-uptake 
Not only can fluoride be released from glass-ionomer containing restorative materials, 
but the same fluoride ions can be re-established withing the polygel matrix from sources such as 
fluoridated toothpastes or varnishes. As a result, the material can serve as a reservoir for 
fluoride94,95. 
2.4.4.3. Effect of coating on fluoride availability 
 Coatings placed on the surface of glass-ionomer containing restorative materials reduces 
the total volume of fluoride release, likely based on reduced exposed surface area available for 
ion exchange with the oral environment96. Currently available nano-filled resin coatings are 
applied in a single coat are approximately five to ten micrometers thick97. 
2.5. Fatigue 
 Dental materials experience thermal challenges, changes in pH and forces of mastication 
in function. Combined, these environmental challenges stress the material over time. The goal of 
any dental restorative material should be to withstand these challenges for a long period of 
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clinical service. Conventional glass-ionomers are exceptionally susceptible to fatigue, leading to 
early clinical failures due to unacceptable wear rates.  
The addition of fatiguing specimens within in vitro studies measuring physical and 
mechanical properties is generally encouraged to reflect behaviors more likely to occur in a 
clinical environment98. Fatigue is generally the combination of repeated mechanical loading and 
a combination of thermocycling. Mechanical loading stresses the material under controllable 
settings, such as force, duration and frequency. Bite forces can exceed 150 N when the muscles 
of mastication are maximally exerted99. However, the average biting force is estimated at 49 
N100, with forces on posterior teeth exceeding 100 N at rates approximately 1.5 Hz in the wet 
oral cavity101. Thermocycling is a means to artificially age a dental material102. A chewing 
simulator is a method to achieve both means of fatigue simultaneously. 
2.5.1 Wear 
 There are many definitions of wear, but a basic definition describes multifactorial 
processes leading to the loss of dental hard tissues. In dentistry, relatively high wear rates are 
generally undesirable in restorations as loss of anatomic contour may result in unfavorable 
masticatory force distribution leading to fracture or loss of surface finish diminishing 
esthetics103. For many years, the relatively high wear rates of resin composites in permanent 
posterior teeth in comparison to amalgam was a genuine concern104. In relation to natural tissues, 
tooth enamel wears less, approximately 20 micrometers annually105. As such, defined limits of 
linear wear tolerance were set forth for resin composites in posterior teeth. Specifications for 
acceptable wear rates in the 1980s and 1990s required no more than 250 micrometers of vertical 
material loss over a four year period; in 2003, posterior composites in stress-bearing restorations 
was still a controversial issue to the point that even those materials deemed “acceptable” with the 
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American Dental Association seal of approval “should not be used for large stress bearing 
restorations” 106. Fulfilling these clinical observations required at minimum two clinical studies 
of at least 18 months in duration prior to consideration for earning the seal of acceptance.  
 
Fig 2. American Dental Association seal of acceptance annotating that accepted resin 
composites were still not indicated for large stress bearing restorations as recent as 2003. 
 
 
The requirements set forth by the American Dental Association continued to change over 
time for resin composites, evolving to clinical evidence of surface wear not exceeding 50 
micrometers over an 18-month period107. The seal of acceptance program for professional 
products was discontinued in 2007. Conventional glass-ionomer cements historically wear faster 
compared to resin composites by a factor of up to three times108. 
 In vitro wear comparisons of conventional glass-ionomers, resin-modified glass-
ionomers, metal-reinforced glass-ionomers, resin composites and amalgam revealed the early 
generations of glass-ionomers exhibited significantly higher wear rates than dental amalgam109. 
Corresponding wear specifications for glass-ionomers similar to resin composites were never 
implemented; glass-ionomer containing restorative material mechanical properties were 
consistently inferior to amalgams and resin composites and thus were never indicated for use as 
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posterior, load-bearing restorations. Regardless of current advertising tactics of load-bearing 
glass-ionomer containing restorative materials, specifications or requirements for wear to date do 
not exist for neither resin composites nor glass ionomer containing restorative materials110. 
 There are four basic mechanisms by which surfaces can wear, including abrasive, fatigue, 
corrosive and adhesive111. Direct restorative dental materials are most susceptible to abrasive and 
fatigue wear and heavily influenced by individual chemical composition112.  
2.5.1.1 Abrasive wear 
 Abrasive wear is a frequent mechanism in dentistry and is composed of two- and three-
body wear113. In the former, a relatively rough surface with protuberances scrapes off an 
opposing surface in motion. In the latter, particles are caught between an interface and contribute 
to loss of structure on one or both opposing surfaces. Clinical examples of each include wear of 
natural tooth structure opposing a rough feldspathic crown (two-body wear) and toothpaste 
abrasion (three-body wear)114. This category of wear is significant in dentistry, as dentifrices 
must demonstrate performance on a scale of relative dentin abrasion (RDA) under 250 to achieve 
Federal Drug Administration approval for market release115. 
2.5.1.2. Fatigue wear 
 Fatigue wear is caused by repeated material stressing which over time creates 
subsequently larger cracks within the material116. After continued stress in this regard, crack 
propagation and accumulation reach a critical moment at which point a larger piece fractures 
away from the surface. This phenomenon occurs in both the natural dentition and restorative 
materials. Materials with internal voids or irregularities present an inherent risk of failure due to 
fatigue wear because cracks rapidly expand across these weak points, which is a concern with a 
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high percentage of air trapped within glass-ionomer polygel matrices as a result of mixing 
processes117. 
2.5.1.3. Corrosive wear 
 Corrosive wear, or more commonly referred to as erosive wear in dentistry, involves the 
loss of surface structure following an acidic challenge of non-cariogenic origin. This process is 
also referred to as erosive tooth wear118. The diet can be a major contributory factor119 as well as 
the presence of saliva120. In general, dental materials outperform the natural dentition, are not 
susceptible to corrosive wear, and this process is less significant compared to abrasive and 
fatigue wear121. 
2.5.1.4 Adhesive wear 
 A relatively rare mechanism in dentistry in which an antagonist bonds more tightly under 
compression to a surface resulting in wear describes adhesive wear122. This phenomenon is likely 
minimized due to saliva acting as a lubricating layer in the mouth123. However, the bond strength 
between hydroxyapatite and glass-ionomer containing restorative materials typically reveal 
cohesive fracture within the material, suggesting the bond to tooth structure is greater than the 
inherent tensile strength. In the event glass-ionomer containing restorative materials are used as 
load-bearing restorations, the potential for this mechanism of wear should not be ignored as a 
potential contributing factor in overall wear performance. 
2.5.2. In vitro simulation 
 The International Organization for Standardization describes a variety of testing methods 
for wear124. However, a tremendous variation in testing parameters makes comparison of in vitro 
study results largely difficult to interpret with no clear correlation to clinical performance 
demonstrated; however, evaluating new material concepts, systems or technologies should 
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involve laboratory wear evaluations before the materials are released for clinical trials125. 
Another advantage to in vitro simulation is the efficient facilitation of wear measurement using 
digital profilometry, as the smallest clinically discernable step is approximately 100 
micrometers. There is not consensus on in vitro or chewing simulator parameters.  
2.5.2.1 Thermocycling 
 In vitro fatigue testing typically involves thermocycling (thermal cycling). Mechanical 
stresses induced by volumetric changes occur within a material then the temperature rises and 
falls127. Intervals of 10,000 thermocycles approximates one year of artificial aging. 
2.5.2.2. Correlation to clinical performance 
 There is not yet a simulation methodology that fully replicates the oral environment, but a 
long-standing goal has been to create a method to directly correlate in vitro to clinical wear128 (). 
It is proposed that 200,000-400,000 in vitro chewing cycles might approximate one year of 
clinical service depending on the chewing simulator129,130,131. Although still in development, a 
method to correlate and simulate clinical performance would be an outstanding advancement in 
dental materials science, as the vast majority of clinical trials for direct restorative materials 
science are less than five years in length and establish safety and efficacy in lieu of meaningful 










CHAPTER 2: RESEARCH STUDY 
 
1. Introduction 
This study compared in vitro wear of contemporary glass-ionomer containing dental 
materials commercially advertised for use in the permanent dentition as load-bearing posterior 
restorations. 
2. Specific aims of thesis: 
Specific aim: Quantify and compare the volumetric wear of three glass-ionomer 
containing restorative materials and a resin composite. 
3. The null hypothesis: 
Wear volumes of contemporary glass-ionomer containing materials advertised for use in 
posterior dentition as load-bearing posterior restorations have no difference compared to a 
contemporary resin composite. 
4. Materials and methods: 
Four restorative dental materials were used in this study. Ionolux (VOCO America Inc.) 
is a resin-modified glass-ionomer. Activa Bioactive Restorative (PULPDENT) is a bioactive 
ionic resin with reactive glass filler. Equia Forte HT and Equia Coat (GC America Inc.) is a high 
viscosity glass-ionomer hybrid system. Filtek Supreme Ultra (3M ESPE) is a visible light-





Fig 3. Method summary flowchart. 
 
 
4.1. Material used 
Resin composite and glass-ionomer containing restorative materials are used in this study (Table 
3.). 
Table 3. Materials used in this study according to respective manufacturers. 
Product Description 
Filtek Supreme Ultra Visible light-activated composite 
Equia Forte HT & Equia Coat High viscosity glass-ionomer hybrid glass system 
Ionolux Resin-modified glass-ionomer restorative 
Activa Bioactive Restorative Bioactive ionic resin with reactive glass filler 
 
4.2. Specimen preparation 
Standardized flat cylindrical disc specimens of each material were prepared. Equia Forte 
HT and Ionolux material capsules were activated, mixed for ten seconds at 4,000 oscillations per 
Sample 
Prep
• Four groups of dental restorative materials
Chewing
Simulator
• Wear: 500,000 total cycles, 49N load
• Fatigue: Continuous thermocycling 5°/55°C, 30s dwell time
Laser 
Scanning
• Impress and scan at 1, 10, 200, 500 thousand cycles
Micro-
scopy
• Visual and SEM select samples post-chewing simulator
Statistical 
Analysis
• General linear model with unstructured covariance matrix
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minute in an amalgamator (KERR Automix, USA) and placed directly into specimen crucibles. 
Equia Coat resin was applied immediately to Equia Forte HT by dispensing the liquid into a 
dappen dish and thoroughly brushing onto the Equia Forte HT surface. Filtek Supreme Ultra and 
Activa Bioactive Restorative specimens were prepared by dispensing material from original 
carpules or automix syringes directly into the specimen crucibles in increments not exceeding 
manufacturer recommendations. After dispensing the final layer, all specimens were expediently 
covered with a mylar strip and flat glass slide and polymerized for 20 seconds with a curing light 
(Elipar DeepCure-S LED Curing Light, 3M, USA). The specimens were wet polished using 600 
and 1200 grit sandpaper (CarbiMet, Buehler, USA) and placed into a distilled water ultrasonic 
bath for five minutes to remove polishing debris. Prepared specimens were placed in deionized 
water at 37 degrees Celsius for 24 hours prior to mounting in the chewing simulator for fatiguing 
protocol. 
 






4.3. Fatiguing protocol 
 Specimens were fatigued in an eight-bay chewing simulator (CS-4, SD Mechatronik, 
Germany). Continuous interval loading was undertaken using a six millimeter steatite ball 
antagonist striking the specimens at a 90 degree angle from a two millimeter height with a 60 
millimeter per second speed and a vertical loading force of 49N followed by an immediate 0.7 
millimeter horizontal slide stroke with an overall frequency of 1.6Hz (96 beats per minute). The 
horizontal back-forth motion occurred at a 40 millimeter per second rate. Simultaneously, the 
mounted specimens were subjected to continuous liquid thermal cycle bathing under distilled 
water at alternating temperatures of 5 and 55 degrees Celsius for an average total of 4546 cycles 
per group. Temperatures were maintained for 30 second dwell times at each thermal cycle 
interval. A total number of 500,000 mechanical loading cycles were achieved per specimen. 
 





Fig 6. SD Mechatronik chewing simulator with specimens under load. 
 
 
4.4. Laser scanning 
 Analog impressions were made of mounted samples during the fatiguing protocol at 
prescribed intervals (1,000, 10,000, 200,000. 500,000 loading cycles) using low viscosity 
polyvinyl siloxane impression material (Extrude Type 3: Low Consistency, Kerr, USA). To 
facilitate making the impression without disturbing the specimens, the chewing simulator was 
paused and the specimens were dried with compressed air immediately prior to making the 
impressions (Dust-Off, Falcon Safety Products, Inc., USA). A flat plastic surface aided in 
compressing the impression material onto the specimens. The self-cured impression material was 






Fig 7. Impression-making of the wear facet in specimens at prescribed intervals. 
 
 
 The impressions of the wear facet were subsequently scanned in a laser scanner 
(Laserscanner LAS-20, SD Mechatronik, Germany) with up to 40 micrometer resolution and 
analyzed using computer software (Geomagic, Germany) to digitally calculate volume against a 











Fig 8. Laserscanner LAS-20. 
 
 





Fig 10. LAS-20 scan of impression of specimen wear facet at 500,000 cycles. 
 
 





 Upon completion of fatiguing protocol, select samples of Equia Forte HT were submitted 
for SEM evaluation for visualization. Light microscopy up to 40x was used to visualize select 
samples. 
5. Statistical analysis 
 The data was fit to a general linear regression model. The model assumed an unstructured 
covariance matrix for each subject with the same covariance matrix for all subjects regardless of 
assignment with 44 degrees of freedom. A Bonferroni adjustment for multiple comparisons was 
performed for all tests in the differences of least squares means analysis. The adjusted alpha was 
0.0021 and adjusted confidence intervals were 99.8%. For the final 500,000 interval, a one-way 
analysis of variance was used to assess the differences in mean as a result of the chewing 
simulator among the materials:  glass-ionomer containing restorative materials (Activa Bioactive 
Restorative, Equia Forte HT and Ionolux) and a resin composite control (Filtek Supreme Ultra). 
LSMEANS function in SAS v 9.4 Proc GLM was used to compare the means for all possible 



































Fig 15. Equia specimen 45 degree tilt SEM following 500,000 cycles. The specimen was 






















6.1. Volumetric loss due to wear 
Resulting measurements of cumulative volumetric loss of material due to chewing 
simulator wear are reported in table 4. 
 
Table 4. Cumulative volumetric loss of material due to chewing simulator wear.  
Sample Interval    
 1 10 200 500 
(thousand 
cycles) 
Filtek 1 0.002698 0.046038 0.384411  
(cubic 
millimeters) 
Filtek 2 0.003813 0.031884 0.451920   
Filtek 3 0.002580 0.045035 0.446486 0.885034  
Filtek 4 0.004486 0.034917 0.421776 0.896892  
Filtek 5 0.005166 0.040250 0.390158 0.754561  
Filtek 6 0.002542 0.044491 0.455343 0.909574  
Filtek 7 0.003138 0.045415 0.341083 0.636837  
Filtek 8 0.004859 0.039754 0.420552 0.849586  
Filtek 9 0.006664 0.036003 0.376757 0.696748  
Filtek 10 0.003007 0.032354 0.394068 0.677303  
Filtek 11 0.002058 0.033451 0.351006 0.724362  
Filtek 12 0.004725 0.042692 0.399727 0.772372  
Activa 1 0.005886 0.022436 0.288610   
Activa 2 0.005188 0.025972 0.284508   
Activa 3 0.005604 0.028205 0.248243 0.499570  
Activa 4 0.005911 0.032162 0.234100 0.559765  
Activa 5 0.003413 0.018253 0.220590 0.576246  
Activa 6 0.004657 0.020125 0.224599 0.464627  
Activa 7 0.004856 0.019735 0.201086 0.477909  
Activa 8 0.004393 0.022742 0.220997 0.394173  
Activa 9 0.004285 0.030211 0.199881 0.376846  
Activa 10 0.004719 0.019231 0.217867 0.401457  
Activa 11 0.005959 0.019558 0.192821 0.368758  
Activa 12 0.006482 0.019901 0.197198 0.358346  
Ionolux 1 0.028852 0.094692 0.653021   
Ionolux 2 0.018562 0.118824 0.571981   
Ionolux 3 0.053324 0.116388 0.503342 1.066634  
Ionolux 4 0.164669 0.279546 0.654232 0.993507  
Ionolux 5 0.063346 0.202529 0.561441 0.773917  
Ionolux 6 0.097895 0.163650 0.621876 0.836529  
42 
 
Ionolux 7 0.056687 0.231831 0.649462 1.053670  
Ionolux 8 0.042881 0.213892 0.625207 1.048803  
Ionolux 9 0.072058 0.177950 0.360620 0.519702  
Ionolux 10 0.053411 0.102395 0.610371 0.778729  
Ionolux 11 0.058215 0.105387 0.465685 0.612565  
Ionolux 12 0.036953 0.118255 0.411382 0.637022  
Equia 1 0.163171 0.272087 0.947710   
Equia 2 0.020892 0.572535 1.375913   
Equia 3 0.160673 0.302966 1.215979 2.257207  
Equia 4 0.041227 0.358391 1.213867 1.760675  
Equia 5 0.136782 0.291773 0.997601 1.217329  
Equia 6 0.190658 0.323525 1.488232 2.252012  
Equia 7 0.111508 0.214591 0.841813 1.560962  
Equia 8 0.163901 0.299760 1.280752 1.775962  
Equia 9 0.174892 0.244775 0.546258 0.836321  
Equia 10 0.228752 0.374592 0.802458 1.059116  
Equia 11 0.193818 0.277361 0.883969 1.283607  
Equia 12 0.160075 0.349108 0.878936 1.490594  
      
Mean Interval     
 1 10 200 500  
Filtek 0.003811 0.039357 0.402774 0.780327 (cubic millimeters) 
Activa 0.005113 0.023211 0.227542 0.44777  
Ionolux 0.062238 0.160445 0.557385 0.832108  
Equia 0.145529 0.323455 1.039457 1.549379  
      
Standard 
Deviation     
 Interval     
Filtek 1 10 200 500 (cubic millimeters) 
Activa 0.000884 0.004756 0.031953 0.07973  
Ionolux 0.03826 0.060606 0.100074 0.201993  
Equia 0.060972 0.091117 0.275185 0.474223  
      





      
Differences of Least Squares Means 
Effect Material Material W_Ind Estimate 
Standard 
Error DF t Value Pr > |t| Alpha Lower Upper 
Material Activa Equia 0.00 -0.1892 0.01087 44 -17.41 <.0001 0.0021 -0.2248 -0.1537 
Material Activa Filtek 0.00 -0.00296 0.01087 44 -0.27 0.7866 0.0021 -0.03852 0.03260 
Material Activa Ionolux 0.00 -0.08195 0.01087 44 -7.54 <.0001 0.0021 -0.1175 -0.04639 
Material Equia Filtek 0.00 0.1863 0.01087 44 17.14 <.0001 0.0021 0.1507 0.2218 
Material Equia Ionolux 0.00 0.1073 0.01087 44 9.87 <.0001 0.0021 0.07171 0.1428 
Material Filtek Ionolux 0.00 -0.07899 0.01087 44 -7.27 <.0001 0.0021 -0.1146 -0.04343 
Material Activa Equia 1.00 -0.2071 0.01065 44 -19.45 <.0001 0.0021 -0.2419 -0.1722 
Material Activa Filtek 1.00 -0.00939 0.01065 44 -0.88 0.3829 0.0021 -0.04423 0.02546 
Material Activa Ionolux 1.00 -0.08856 0.01065 44 -8.32 <.0001 0.0021 -0.1234 -0.05372 
Material Equia Filtek 1.00 0.1977 0.01065 44 18.57 <.0001 0.0021 0.1629 0.2326 
Material Equia Ionolux 1.00 0.1185 0.01065 44 11.13 <.0001 0.0021 0.08368 0.1534 
Material Filtek Ionolux 1.00 -0.07918 0.01065 44 -7.43 <.0001 0.0021 -0.1140 -0.04433 
Material Activa Equia 20.00 -0.5465 0.04263 44 -12.82 <.0001 0.0021 -0.6860 -0.4070 
Material Activa Filtek 20.00 -0.1315 0.04263 44 -3.08 0.0035 0.0021 -0.2710 0.008022 
Material Activa Ionolux 20.00 -0.2142 0.04263 44 -5.02 <.0001 0.0021 -0.3537 -0.07471 
Material Equia Filtek 20.00 0.4150 0.04263 44 9.74 <.0001 0.0021 0.2755 0.5545 
Material Equia Ionolux 20.00 0.3323 0.04263 44 7.79 <.0001 0.0021 0.1928 0.4718 
Material Filtek Ionolux 20.00 -0.08273 0.04263 44 -1.94 0.0587 0.0021 -0.2222 0.05676 
Material Activa Equia 50.00 -1.0824 0.1070 44 -10.12 <.0001 0.0021 -1.4324 -0.7323 
Material Activa Filtek 50.00 -0.3242 0.1070 44 -3.03 0.0041 0.0021 -0.6743 0.02583 
Material Activa Ionolux 50.00 -0.4126 0.1070 44 -3.86 0.0004 0.0021 -0.7626 -0.06251 
Material Equia Filtek 50.00 0.7581 0.1070 44 7.09 <.0001 0.0021 0.4081 1.1082 
Material Equia Ionolux 50.00 0.6698 0.1070 44 6.26 <.0001 0.0021 0.3197 1.0199 










Table 5. P-value calculation using SAS statistical software following 500,000 cycles. 
Least Squares Means for effect Material 
Pr > |t| for H0: LSMean(i)=LSMean(j) 
 
P-Value (alpha = 0.05) 
 Activa Equia Filtek Ionolux 
Activa     
Equia <.0001    
Filtek 0.0081 <.0001   
Ionolux 0.0026 <.0001 0.6653  
 
 
Fig 17. General linear model assuming an unstructured covariance matrix for each 




At the final 500,000 interval, there was a statistically significant difference in mean 
volumetric wear for Activa Bioactive Restorative (P=0.0081, 95% CI: 0.3973, 0.4982) and Equia 
Forte HT (P<0.001, 95% CI: 1.2495, 1.8493), but no statistically significant difference in mean 
volumetric wear for Ionolux (P=0.6653). Activa Bioactive Restorative wore approximately 60% 
less than, and Equia Forte HT twice more than Filtek Supreme Ultra on average, respectively.  
 





 The aim of this study was to evaluate glass-ionomer containing restorative materials 
advertised for use as load-bearing restorations despite historical contraindications in this clinical 
application. The reasons include poor wear resistance and bulk fracture. Regardless of these 
known limitations, there are continuous efforts to place glass-ionomer containing restorative 
materials as load-bearing restorations based on a seemingly “easy-to-use” basis133. The materials 
in this study were selected because of manufacturer claim as suitability as load-bearing 
restorations in the posterior dentition. To evaluate wear, the in vitro wear produced by a chewing 
simulator was compared among three materials and a well-accepted resin composite control. 
After preparation, the specimens were allowed to mature for 24 hours prior to submitting to 
chewing simulation. The cumulative volumetric loss of restorative dental material against a 
standardized steatite antagonist was compared among the materials. 
A null hypothesis was tested: Wear volumes of contemporary glass-ionomer containing 
materials advertised for use in posterior dentition as load-bearing posterior restorations have no 
difference compared to a contemporary resin composite. The null hypothesis for Equia Forte HT 
and Activa Bioactive Restorative was rejected. However, for Ionolux, the null hypothesis failed 
to reject.  
 At first glance, the advertisement of these materials appeal to the operative dentist given 
a combination of desirable qualities lending operator convenience and a potential for decreased 
technique sensitivity: An opportunity to bulk fill, optional adhesive or bonding protocols, and 
options to omit tooth substrate conditioning. The relatively large volume of glass-ionomer is 
amenable to service as a fluoride reservoir. Additionally, these materials are relatively esthetic in 
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comparison to amalgam and direct gold restorations. However, with limited available data to 
support clinical indications for use, the clinician may rely heavily on product advertisement. 
 
 
Table 6. Summary of potential advantages of restorative materials used in this study. 
 
               Clinical advantage        Clinical disadvantage 
 ACTIVA 
Roulet et al. compared the wear of Activa Bioactive Restorative to a pure glass-ionomer, 
Fuji IX GP and found similar relationships between the material classes in the volumetric loss of 
material due to wear134. Under nearly identical conditions compared to this study, however, 
Roulet observed Activa to experience nearly three times the volumetric wear in mm3. In another 
in vitro study, Latta et. al used an Alabama wear machine and subjected Activa, Equia Forte, Fuji 
II LC and an experimental self-adhesive restorative material to 400,000 cycles with a stainless 
steel ball antagonist using either photo-activated cure or self-cure mechanisms135. A similar trend 
observing a higher volumetric loss due to wear in Activa was identified when this material was 
permitted to self-cure only without photo-activation. A possible explanation of the observed 
difference is a lack of intentionally light-curing of the material, which is indicated according to 
manufacturer’s instructions for use, and a stainless steel antagonist which is more aggressive 
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than steatite. Lacking proper photopolymerization where required may result in a decrease in 
mechanical properties136 leading to increased observable wear. 
To further investigate this idea, in a side experiment of this study, Activa Bioactive 
Restorative was generously dispensed using the manufacturer tips directly into a sealable plastic 
bag placed within a box crafted to prevent visible light entry in an attempt to investigate if the 
material is suitably a resin-modified glass-ionomer. The material was permitted to self-cure 
undisturbed for 72 hours in the dark. After time had elapsed, the material was evaluated for 
surface consistency while still inside the bag and light-sealed box. The material was of a 
relatively soft mass and still compressible and fluid between the fingers, revealing presumably 
major uncured portions still within the mixture. The bag containing the material was then 
removed from the box for direct observation. The uncured portion was whiter in color and 
retained consistency close to flowable resin composite, while a relatively harder mass was pale 
yellow. The sample was then light-cured through the plastic bag and re-evaluated for surface 












Fig 20. Pulpdent product description for Activa Bioactive Restorative. 
 
The manufacturer claims regarding Activa Bioactive Restorative are remarkable. Of 
interest to this study is the composition and setting chemistry. The product description explicitly 
states a triple setting mechanism, including self-cure glass-ionomer reaction in addition to self-
cure resin and light cure resin. Additionally, based on the industry-required safety data sheets, 
the manufacturer has changed the product description from “resin-modified glass ionomer dental 
material” to “bioactive ionic resin with reactive glass filler.” Some authors suggest that this 
material could be considered a resin-modified glass-ionomer but not a resin composite137. 
Although there was seemingly no difference other than product description on the safety data 
sheets between 2019 and 2020, these findings along with the results of the side experiment in 
this study would indicate that Activa Bioactive Restorative is not a resin-modified glass-ionomer 
according to traditional nomenclature based on an inability of the material to fully cure in the 
absence of light-activation. 
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Fig 21. Activa Safety Data Sheets dated February 2019 (left) and July 2019 (right). 




Bansal et. al compared Activa Bioactive Restorative to Filtek Supreme Ultra, Fuji IX and 
Fuji II but under slightly different in vitro conditions; only a 20N force, 100,000 testing cycles 
and no thermocycling were performed to reveal no statistically significant difference between 
Activa and Filtek Supreme Ultra, but both experienced statistically significantly lower wear than 
Fuji IX and Fuji II138. These findings are partially supported by this study, in that glass-ionomer 
and resin-modified glass-ionomers experience increased relative wear but that Activa Bioactive 
Restorative wore less than the resin composite Filtek Supreme Ultra. Also, the amount of wear is 
comparable, most likely the result of photopolymerization of the samples. The relative amount of 






EQUIA FORTE HT 
Equia Forte HT experienced the largest mean volumetric loss of material due to wear at 
all chewing cycle intervals. The manufacturer-provided imaging suggests the resin coating is no 
more than 10 micrometers thick (FIG X—below). Based on the SEM images made of Equia 
Forte HT samples in this study, this resin coating was obliterated under load of the antagonist. 
The manufacturer does acknowledge an expectation that the resin coating will wear away in 
approximately six months to one year, and during this time the glass-ionomer polygel matrix will 
undergo maturation to further increase mechanical properties. Although matrix maturation and 
resultant increase in mechanical properties can be expected over time139, it is more likely based 
on the findings from this study that the coating would be lost much earlier when comparing the 














Fig 22. (a) Product description and manufacturer provided SEM of Equia Forte HT 
and  Coat. (b) SEM of Equia Forte wear facet profile in this study. Note ten times 




 A vast majority of data concerning the in vitro volumetric wear of resin-modified glass-
ionomers suggest the material as a category performs in between resin composites and pure 
glass-ionomers with regards to linear and volumetric wear140. The findings of this study are 
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inconsistent in this regard, in that the resin-modified glass-ionomer performed indistinguishably 
from the resin composite control over time. A possible rationale is such that the proprietary 
formulation lends the material increased resistance to wear. However, the exact chemical 
composition is secret at this time. Regarding an increased early rate of wear compare to resin 
composite control, a possible explanation is the phenomenon called the “running in” period, in 
which very early intervals might be unreliable141. Perhaps the more significant relationship is the 
relative wear amongst the four groups that remains relatively consistent over time. At all times, 
the resin-modified glass-ionomer Ionolux outperformed the glass-ionomer hybrid system Equia 
Forte HT. 
 As the Ionolux material does not reportedly require a tooth substrate conditioning 
procedure or bonding protocol, the only seeming limitation may be the inability to bulk fill in the 
posterior region. The material should only be placed in increments not to exceed two millimeters 
according to the manufacturer. This might lend the material to decrease technique sensitivity and 
could be advantageous. Pediatric settings, for example, may benefit from this material. 
 
FILTEK SUPREME ULTRA 
 Correlation to clinical performance of in vitro studies remains a top priority for 
translating findings from the laboratory to the clinic. When the Filtek Supreme product line was 
launched by 3M in the early 2000’s, there were still clinical trials measuring in vivo wear as a 
focus of concern on this topic. Although not exactly the same product as tested in this study, 
Palaniappan et al. observed similar total surface volume loss (0.60mm3) after two years of 
clinical service142 which was comparable to the estimated service time and volumetric wear of 
this in vitro study (0.78mm3). With reasonable consideration, these absolute values are not 
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magnitudes apart, permitting some credence to the external validity of this study and the chewing 
simulator parameters. 
 
8. Limitations of the study 
 This study focused on wear comparison amongst glass ionomer containing restorative 
materials and a resin composite over a simulated two years of clinical service in a chewing 
simulator. For convenience and consistency, steatite was used in lieu of a natural human tooth 
antagonist. Although an enamel substrate might be more clinically relevant, a commercially 
available steatite antagonist is more advantageous based on reduced variability and replicability. 
The specimens lacked anatomic form in order to produce wear on a standardized surface and 
subsequent feasibility to measure resulting wear volumes. In vitro chewing simulators are subject 
to variability and known to be difficult to correlate to other in vitro studies and clinical 
performance143. 
Although the gold-standard for clinical research remains randomized clinical trials, long-
term in vivo studies may largely be impractical for every new restorative dental material. The 
typical challenges associated with these undertaking, including cost, patient drop-out, ethical 
issues, and longevity are largely eclipsed by the incredible rate at which new materials are made 
available. The ability to rapidly identify differences in wear resistance lend credence to chewing 
simulators as a useful tool to identify new restorative materials for merit and further, more 
expensive, clinical investigations. A more practical approach to dental materials evaluation 
would involve the use of correlated chewing simulations in order to rapidly identify products 
with merit for further investigation. Some authors believe the multiple, ongoing enhancements of 
glass ionomer containing restorative materials may contend with conventional restorative 
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materials such as amalgam and resin composite144. The evidence in this study reveals this 





Measurable differences in volumetric wear are found when comparing materials 
advertised for use as posterior load-bearing restorations within and across material classes and 
combinations of restorative dental materials when fatigued in a chewing simulator.  
Even though American Dental Association specifications for wear of posterior load-
bearing restorations have been retired, clinical significance of the observed in vitro differences of 
the glass-ionomer containing materials investigated in this study should be anticipated. The 
glass-ionomer hybrid system wears two times faster than a well-accepted resin composite. 
Resin-coatings of glass-ionomers are difficult to control in thickness and are likely 
impractical, as they would be swiftly worn away before matrix maturation can occur resulting in 
likely unacceptable wear of the underlying glass-ionomer. 
Dental manufacturers exercise liberties in product advertisement. Current nomenclature 
to describe dental restorative materials is equally liberal, nondescript or potentially misleading. 
Dentists should approach various contemporary formulations advertised as “novel” with caution. 
Activa Bioactive Restorative is not a resin-modified glass-ionomer. With a product requirement 
to use a dentin-bonding agent negating a potential for bioactive interactions with the tooth 
substrate, the decreased wear rates of Activa Bioactive Restorative may not be a clinical 
advantage compared to resin composite alternatives. 
The resin-modified glass-ionomer Ionolux should be evaluated in further chewing 
simulations and mechanical properties investigated prior to consideration in clinical trials to 
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